We investigate the electron injection from a terrylenebased chromophore to the TiO 2 semiconductor bridged by a recently proposed phenyl-amide-phenyl molecular rectifier. The mechanism of electron transfer is studied by means of quantum dynamics simulations using an extended Huckel Hamiltonian. It is found that the inclusion of the nuclear motion is necessary to observe the photoinduced electron transfer. In particular, the fluctuations of the dihedral angle between the terrylene and the phenyl ring modulate the localization and thus the electronic coupling between the donor and acceptor states involved in the injection process. The electron propagation shows characteristic oscillatory features that correlate with interatomic distance fluctuations in the bridge, which are associated with the vibrational modes driving the process. The understanding of such effects is important for the design of functional dyes with optimal injection and rectification properties. E nvironmentally friendly and cost-effective dye-sensitized solar cells (DSSCs) are a potential alternative to siliconbased photovoltaics for solar energy conversion, can be equipped with molecular catalysts for direct conversion and storage of solar energy into fuel, and have been the subject of extensive research.
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Despite considerable improvement achieved in recent years, DSSC performances have not reached energy conversion yield and efficiency levels that are necessary to render them competitive with silicon-based solar cells. Higher efficiencies can be attained by increasing the light-harvesting properties of the solar cell, by decreasing internal energy losses, or by optimizing the conditions for fast electron injection.
A major obstacle hampering the performance of DSSC devices is the internal losses from recombination between the electron injected into the semiconductor and the hole on the oxidized dye. 6 In an effort to design more efficient devices, several groups have investigated the effect of specific cell parameters for enhancing electron injection and reducing recombination losses, such as the length and nature of the bridges, 7−10 the chemical structure of the anchor groups 11 and the redox potential of the electrolyte. 12 In addition, detailed investigations of the molecular mechanisms at the dye/ semiconductor interface 13−18 have revealed the importance of nonadiabatic dynamics for charge separation and recombination. 19−21 In an approach to prevent back electron transfer, Batista and coworkers recently proposed the use of a molecular rectifier 22 composed of two phenyl rings coupled through an amide bond (see AM molecule in Scheme 1a). This molecule acts as a rectifier when used as a molecular wire or as a linkerchromophore in a solar cell device. 23, 24 Used as a molecular bridge between a dye and a semiconductor, a rectifying AM linker could increase the DSSC efficiency by decreasing the electron−hole recombination rate.
To investigate the role of AM in the electron injection process, we use it to bridge an amine-functionalized terrylene antenna (T) and a titanium dioxide (TiO 2 ) anatase surface (T-AM-TiO 2 , Scheme 1b). Terrylene is a well-characterized molecule that absorbs within the visible spectrum (∼580 nm) and has an excited-state lifetime on the nanosecond time scale. 25, 26 Recently this molecule has been also used as an electron donor for TiO 2 -based DSSC. 27 TiO 2 , in turn, is a semiconductor material widely used as an electron collector in DSSC and is known for its stability and favorable electronic properties. 6 The anchoring of the dye onto TiO 2 is achieved through a carboxylic acid group in a bidentate bridging mode (Scheme 1b).
To provide insights for the design of more efficient charge separators, we investigate the quantum dynamics of electron injection coupled to thermal nuclear motion. We show that the nuclear dynamics opens an electron injection channel in the T-AM-TiO 2 system by a coherent superposition of states. The conversion of the initial excited state on the chromophore into a charge-transfer state between the chromophore and the TiO 2 is driven by normal modes localized at the interface between the antenna and the semiconductor. Our results support recent findings on the importance of coherent vibronic coupling during photoinduced charge separation processes for both natural and artificial light-harvesting systems. 16,28−34 The electron quantum dynamics (EQD) simulations are performed using a tight-binding model Hamiltonian based on the extended Huckel (EH) method, 35 which is parametrized against DFT/B3LYP 36,37 results (see also SI-1 in the Supporting Information). At the beginning of each quantum dynamics simulation, the photoexcited electron and the photoinduced hole wavepackets are initialized as the lowest unoccupied (LUMO) and highest occupied molecular orbitals (HOMO) of the isolated chromophore T-AM (see Table S2 , Supporting Information). In this way we ensure that the initial wavepackets are not stationary states of the entire T-AM-TiO 2 system. Following the method described by Rego and coworkers to study intramolecular and interfacial ET processes, 38, 39 the quantum propagation of the wavepackets is performed both for fixed molecular geometries and over classical nuclear trajectories obtained beforehand with the ab initio molecular dynamics (MD) approach implemented in the CPMD program. 40 Hence, the nuclear trajectories are calculated separately from the dynamics of the electronic wavepacket. This is justified because we are interested in the response of the electronic quantum system to the thermal nuclear motion. The electron quantum dynamics as well as the ab initio MD are performed with a time step of 0.1 fs. A detailed description of the method, the parametrization procedure, and the computational setup are reported in the Supporting Information (SI-1 and SI-2).
In Figure 1 , the total densities of the unoccupied states of the T-AM-TiO 2 system projected on the chromophore (dye, in blue) and on the semiconductor (TiO 2 , in gray) are compared.
To prepare the system, we employed the T-AM structure for the parametrization of the EH Hamiltonian (see SI-1). The projected density of states (DOS) of T-AM (Figure 1 , dye) presents a peak at −8.7 eV. This peak is associated with the two almost degenerate (Δε = −0.05 eV) unoccupied system orbitals shown in Figure 1 . These two orbitals, labeled electron donor (ED) and electron acceptor (EA) states, correspond, respectively, to the LUMO and LUMO+1 of the isolated dye molecule (Table S2 of Supporting Information).
An EQD simulation is performed for the T-AM-TiO 2 system over the same set of nuclear coordinates used for the DOS calculation, keeping the nuclear positions fixed. Because the photoexcitation of the dye populates the molecular orbital localized on the terrylene (ED), the photoexcited electron has to travel across the bridge through the EA state to reach the TiO 2 surface. Despite the proximity between the electron donor and acceptor states and the presence of a thermodynamic driving force, no ET from T-AM to TiO 2 is observed within the 2 ps EQD simulation in the absence of nuclear motion (see Figure S2 in the Supporting Information).
To investigate the effect of the nuclear motion on the electron dynamics, we repeated the hole/electron quantum dynamics calculations by evolving the wavepackets over a classical MD trajectory obtained beforehand (see SI-2).
41,42
Because we use a nuclear trajectory obtained in the ground state, the effect of the thermal relaxation of the photogenerated hot exciton is not included; however, because this effect is fast and highly localized on the antenna, it is not expected to significantly affect the dynamics of the ET on a longer time scale 6 (see also Supporting Information SI-3). The results of the electron quantum dynamics performed along the MD trajectory are reported in Figure 2 , showing the survival probability (SP) of the electron wavepacket. The SP is defined as the time-dependent population of the wavepacket within the dye:
39 SP = 1 when the wavepacket is fully localized within the sensitizer, while SP = 0 when it is fully transferred to TiO 2 .
The survival probability profile (Figure 2, SP) shows that the introduction of nuclear dynamics induces significant ET within the first few hundreds femtoseconds, in contrast with the results for the T-AM-TiO 2 without nuclear dynamics ( Figure S2 in the Supporting Information). This demonstrates the importance of the coupling between the electron dynamics and thermal motions in the description of ET processes. Additionally, the SP profile is characterized by the presence of plateaus emerging periodically every ∼250 fs, indicating that the electron injection is temporarily quenched. At the same time the SP evolution shows that back charge transfer from the semiconductor on the terrylene antenna does not occur. This behavior can be associated with the rectification property of the AM bridge (see Supporting Information SI-4). The analysis of the molecular dynamics trajectory reveals a correlation between the recurrence of these plateaus and the fluctuation of the dihedral angle α (Figure 2, α) , defined between the terrylene and the phenyl ring Ph1 (see Figure 2 , left). The electron injection occurs only when α presents a value <70°or >110°( red dashed lines). On the contrary, if α is comprised within these two values, the transfer is hindered (areas highlighted in pink, Figure 2 ). The variation of the dihedral angle α influences the delocalization of the electron donor state over the Ph1 ring, as shown in Figure S3 (Supporting Information). When 70°< α < 110°, the ED state is confined on the antenna (T) and is separated from the electron acceptor orbital by the Ph1 ring; however, when α is outside the aforementioned range, the planarity and consequently the conjugation between Ph1 and the terrylene is increased. This induces the delocalization of the ED state over Ph1 and thus transiently enhances the coupling between the donor and acceptor states.
It is worth pointing out that the electron quantum dynamics performed keeping the nuclei fixed does not show electron injection on a few picosecods time scale even when geometries with α values outside the 70°−110°range extracted from the previous trajectory are used (as shown in Figure S2 in the Supporting Information for the initial geometry, α ≈ 50°). This indicates that ET is not solely promoted by a proper value of α but instead requires the coupling with other specific vibrational modes. 43 To identify those, we use the same nuclear trajectory to perform an EQD starting from the molecular configuration at 890 fs with α = 123° (Figure 2 , just before the second shaded region). The results are presented in Figure 3b . Initially, while α > 110°, a limited injection (5%) is observed within the first ∼50 fs. This transient is followed by a plateau up to ∼230 fs, corresponding to the period during which 70°< α < 110°. Then, ET toward the TiO 2 is resumed by the decrease in α below the 70°threshold (red dotted lines in Figure 3b ) and is characterized by electron density fluctuations with a period of ∼30 fs (Figure 3b, black rectangle) . The Fourier analysis of these rapid fluctuations gives a broad peak centered at ∼1250 cm −1 (see Table 1a ). In Figure 3a it is shown that the oscillations characteristic of the electron injection (SP, blue line) are highly correlated with the variation of the amide bond distance N−C (δ, red line). A normal-mode analysis of the AM bridge shows that the N−C bond length is modulated by the normal modes ω 1 (1090 cm −1 ) and ω 2 (1226 cm
) reported in Table 1 . In fact, as described in Table 1b , these modes involve mostly the variation of the γ, δ, and ε bonds localized at the interface between the ED and EA orbitals ( Table 1 , Movies 2 and 3 in Supporting Information).
The energy fluctuations of these two orbitals are represented in Figure S4 of Supporting Information for a segment of the MD trajectory (0.1 to 0.4 ps), characteristic of the whole ) strongly indicates the influence of these particular vibrations on the energies of the electron donor and acceptor states. Overall, these results underline the importance of these specific nuclear vibrations in driving the electron injection. Similar evidence of vibronic coupling effects has been recently reported for different organic supramolecular complexes. 28, 30, 44 Quantum coherent conversion from an excitonic state to a charge-transfer state requires that the two states partially occupy the same volume and that their energy levels are close enough to be coherently coupled by vibrational modes. 31−33,45−47 In the system discussed here, the two states involved in the electron transfer are associated with orbitals that initially are sufficiently close in energy but spatially separated. Thermal motion brings a conformational change (variation of α) that makes them partially occupy the same molecular region. Under this condition the two states can be coherently coupled by the fast vibrational modes localized at their interface, thus allowing the propagation of the electronic wavepacket by a convergence of electronic and nuclear dynamics.
A visual representation of the electron wavepacket propagating across the system is reported in Figure 3c and Movie 1 of Supporting Information. These snapshots clearly show how the wavepacket propagates through a channel, which is opened as a result of the Ph1 rotation. The snapshot at 0.35 ps clearly shows that the wavepacket can be described as a superposition of the corresponding ED and EA states, shown in Figure S3 in the Supporting Information. This demonstrates that the electron transfer is proceeding gradually from the ED state to the EA state, rather than hopping instantaneously.
In summary, the ET in T-AM-TiO 2 is driven by a strong coupling between the electron dynamics and specific nuclear vibrational modes. We have shown that the slow rotation of the bridge with respect to the antenna opens a preferential channel for the ET by changing the localization of the donor and acceptor states. When the channel is open, the charge can move across the bridge from the electron donor to the acceptor state driven by the bridge vibrational modes that induce the energy crossing and coupling of these two states.
These results underline the importance of including the nuclear dynamics for a proper description of the electron injection. Moreover we have verified the rectification properties of the AM bridge as part of a chromophore for a DSSC. The vibrational modes identified through the analysis of the correlation between nuclear and electron dynamics provide possible strategies for accelerating the electron injection process: we propose that structural modifications of the AM bridge preventing large rotations of the Ph1 ring could result in an increased efficiency.
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